Some conventional machining methods have been developed to machine microelectrodes. However, these methods still require too much time and too many resources. This paper uses electrochemical etching as an alternative method for the simple and cheap fabrication of microelectrodes. Electrochemical etching is usually considered an appropriate method of producing sharp probes. However, it is possible for the entire shape of an electrode to be controlled under certain conditions such as the immersed length, the applied current, and the etching time. After developing a method to estimate the electrode shape, we produced some electrodes by generating etching conditions. Stepped and punch shapes were fabricated. These have applications in the manufacturing of operation utensils, measurement tips, and machining tools.
Introduction
Microelectrodes are very useful for measurement, operation, and machining. Some of the applications include the creation of sharp tips for scanning tunneling microscopy (STM) or atomic force microscopy (AFM), probes for cell operations, and electrodes or tools for micro electrodischarge machining (EDM) and micro punching.
Some conventional machining methods have been developed to machine microelectrodes. Yamagate used a precision cutting technique for electrodes of 10 mm in diameter, and T. Waida studied micro grinding for 50 mm diameter. 1, 2) T. Masuzawa used wire elecro-discharge grinding (WEDG) for a tungsten electrode of 5 mm in diameter. 3, 4) By electrochemical etching, Bryant fabricated a sharp tungsten probe whose tip diameter is 50 # A, 5) Nicolades developed STM tips, 6) and Nagahara also fabricated STM tips from PtIr electrodes. 7) M. Fotino suggested a reverse electrochemical etching, and fabricated very sharp tungsten probes of 1 nm in diameter. 8) There were other approaches. Lim controlled the electrode to maintain a cylindrical shape during the etching. 9) As a result, there are some conventional machining techniques such as WEDG, precision cutting, and micro grinding to fabricate microelectrodes with various shapes. However, these methods still require too much time and too many resources. On the contrary, electrochemical etching is a relatively simple process because it does not need any tools other than an electrolyte and a counter electrode (cathode). Therefore, we can realize mass production by immersing many electrodes into the electrolyte at one time. Though there have been many research results on electrochemical etching over the last dozen years, the overall shape of the electrode cannot be controlled easily because most of the research has only focused on the sharp electrode tips. However, electrochemical etching has the potential to be one of the most useful methods in the fabrication of electrodes in a variety of shapes simply and cheaply. Thus, the main idea of this paper is to propose a method for controlling the electrode shape during etching.
Shape Estimation during the Etching

Extracting the electrode during the etching
Electrochemical etching is an anodic dissolution process that uses electrical and chemical reactions. When the current flows between two metallic conductors that are dipped into the electrolyte, the anode dissolves and the hydrogen gases generated from the cathode. For electrochemical etching, the etched volume can be easily estimated by Faraday's law. The number of oxidized atoms is proportional to the number of applied electrons. There also exists a certain current density at which the electrode remains cylindrically shaped during the whole etching. Therefore, if the electrode is dipped into the electrolyte by a certain length, and if the diameter for each axial direction remains constant, the volume or diameter change will be estimated easily. 9) We used this phenomenon as a basic concept for the fabrication of electrodes. Figure 1 shows the conceptual drawing of the extracting of the electrode and the controlling of its shape during the etching. After the electrode reaches the desired diameter, the position controller extracts it for the next step. Then, the immersed part of the electrode is etched again. This procedure finally produces a stepped shape. If the electrode is extracted continuously or discretely in very small intervals, its shape will be a punch shape or some other diameter decreasing shape. In this case, the distal part, which has been immersed during the whole etching time, still remains a cylindrical shape. 
Coordinate definition and modeling
The immersed length of the electrode, the applied current, and the etching time are shape determination factors for electrochemical etching. Therefore, the shape can be simply estimated through some assumptions and modeling. The assumptions are as follows:
1) All the electrode sections are circular shapes for all etching processes. 2) The contact position of the electrolyte surface to the electrode increases by h, and the amount of h is linearly proportional to the diameter of the electrode at the contact position during the etching. This is called the increase of the contact position.
3) The diameter profile of the additionally etched part because of the contact position increase can be described as a second polynomial function to the longitudinal direction. 4) There also exists a longitudinal dissolution, L d during the etching and its rate is linearly proportional to the radial dissolution rate. 5) There exists a certain current density, J C which fabricates the cylindrical electrode. J C is proportional to the etched length. 6) If the applied current density is larger or smaller than J C , it causes the deviation of the diameter change to the axial position and the deviation is proportional to the difference of the current density to J C . Its proportional coefficient is k. Then, the coordination of the electrode is defined as shown in Fig. 2 , and it is fixed to the electrode. The immersed length profile is given by LðtÞ, and its initial value, Lð0Þ is L 0 . Because there exists a longitudinal dissolution, the length of the electrode reduces by L d during the etching. By the assumption, the increase of the contact position and the length reduction can be defined as:
where h m , h 0 , and are constants which can be obtained by experiments.
The electrode can be divided into three parts as three etching conditions: one is the fully immersed part into the
another is an additionally immersed part by the increase of the contact position
, and the other is the fully extricated part from electrolyte (x < L 0 À L À h). Figure  3 (a) shows the diameter profile, Dðt; xÞ during the etching. D 0 means the initial diameter of the electrode.
Etched rate
Because the immersed length and the applied current vary as the etching proceeds, the contact area of the electrode to the electrolyte will also change. In this case, the amount of diameter change, Uðt; xÞ can be defined as:
The amount of length change, U L ðtÞ is also expressed by eq.
:
If the current is applied to maintain the cylindrical shape, the diameter change of the fully immersed part will be the same for all positions as shown in Fig. 3(b) . However, there exists a deviation of diameter change, when the applied current is larger or smaller than that required for the cylindrical shape, and it is proportional to the vertical position, x as shown in Fig. 3(c) . Therefore, these two components for diameter changes can be described as:
where u 1 and u 2 are determined by relationships between the etched volume and the applied current, and between the etched shape and the current density. Then, the overall diameter change, Uðt; xÞ is the sum of U 1 and U 2 .
Geometrically, the diameter changes have the following constraints.
where V m is the volume dissolving rate, IðtÞ the applied current, and e an electrochemical equivalence volume constant. Therefore, u 1 is calculated by:
In eq. (8), u 2 is defined by the assumption:
where k is the proportional coefficient and J C is the current density for the cylindrical shape and is defined as:
where J m , J 0 and are constants which can be obtained by some experiments. The contact area of the electrode to the electrolyte, SðtÞ is:
Thus, iterative calculations by eqs.
(1)-(12) as shown in Fig. 4 , can estimate the diameter of the electrode for all vertical position, x and time, t.
Generation of shape determination factors
There exist applied current and immersed length profiles for a certain electrode shape. These two profiles and the etching time are shape determination factors. Because there are two kinds of profiles for only one electrode shape, the generation of shape determination factors needs one constraint. Moreover, the coefficient of diameter deviation, u 2 is
Linearly variable term of the dissolving rate not exactly proportional to the deviation of current density. Thus, we set the coefficient u 2 in eq. (9) at zero by maintaining the cylindrical shape for all of the immersed part of the electrode. Figure 5 shows the flow chart to generate shape determination factors for a desired electrode shape, D w ðxÞ. There are two kinds of fundamental electrode shapes: stepped and punch shapes. For the stepped shapes, the shape determination factors are generated as shown in Fig. 6 . Then, the shape profiles Dðt; xÞ are calculated by the simulation as shown in Fig. 7 . The final shape D e ðxÞ is also obtained in the simulation and is compared with the desired shape, D w ðxÞ. In the case of the stepped shape, there exists a diameter error between D e ðxÞ and D w ðxÞ for each step because the diameter suddenly changes. The punch shape also has this problem at the part where the tip and taper connect.
Fabrication of Generalized Shapes of Electrodes
Fundamental experiments
Some experiments are carried out to measure the constants h m , h 0 , , J m , J 0 , and in eqs. constant, e is 0.0164 mm 3 /C. The feeding system for vertical movement of the electrode consists of an optical stage with micrometer and a step motor. Its moving resolution is 0.5 mm and operating frequency 1 kHz. Thus, moving velocity of the electrode is 500 mm/s during the etching. 2 M KOH solution is used for the electrolyte. All the experiments are carried out under the atmospheric temperature of 25 C. Figure 8 shows the relationship between the amount of the longitudinal and the radial dissolutions. The overall lengths of electrodes before and after the etching are compared and theirs differences are plotted as the function of the tip diameter. This result shows is 0.52 in this case. The experimental result for the increase of the contact position is shown in Fig. 9 . This experiment is carried out for various electrode diameters and shows that h is linearly proportional to the diameter of the immersed part of the electrode. h m and h 0 are 1.14 and 180 mm, respectively. Figure 10 shows fabrication result of stepped shapes under various constant current densities, J C and a constant proportional coefficient, k. Desired diameter for each step is 100, 250, and 400 mm, respectively. Actually, J C and k will not be constants but this result shows the relationship between J C and k to the immersed length. J m , J 0 , and are obtained by trial and errors and their values are À1:36 mA/mm 3 , 16.7 mA/mm 2 , and 2:8 Â 10 À8 m 2 /AÁs, respectively. The simulation results are also compared with the experimental results in Fig. 10. 
Fabrication of cylindrical, stepped and punch shape
Some fabrication results for the cylindrical shape are shown in Fig. 11 . Etched length is 2.5 mm for all cases and diameters are 400, 250, and 100 mm, respectively. This result shows that the electrode shape can be controlled to have cylindrical shape during the etching. Figure 12 shows stepped shapes of electrodes. The electrode in Fig. 12(a) has two steps, and its tip diameter and diameter variation for each step are set to be 100 mm and 200 mm, respectively. The length of each step is 1.5 mm. The electrode in Fig. 12(b) has three steps, and its tip diameter and diameter variation for each step are set to be 100 mm and 150 mm, respectively. In this case, the length of each step is 1 mm, therefore the total length of the fabricated part is 3 mm. Its simulation result is illustrated in Figs. 6 and 7. Figure 12 (c) shows the four stepped shape whose tip diameter and diameter variation for each step are 100 mm. The length of each step is 0.75 mm. As shown in Fig. 14(a) , the fabricated diameter error is 7 mm for the first step, 7 mm for the second step, 6 mm the third step, and 4 mm the fourth step. This shows the fabricated error increases at the distal step. The fabricated length error is less than 20 mm, and diameter deviations for cylindrical parts is less than 1 mm per the length of 100 mm. Punch shapes of electrodes with various taper angles 10 , 11. 5 and 13 are shown in Fig. 13 . The tip diameter and length are set to be 100 mm and 0.75 mm, respectively. For the taper angle of less than 13 , tip diameter errors are less than 6 mm and taper angle errors 0.8 . However, those errors for the taper angle of more than 13 are increases as shown in Fig. 14(b) . At the higher taper angle, the increase of the electrolyte surface causes the additional dissolution of the taper part and the diameter error of the tip. Therefore, there is a limit for the taper angle in this case. The diameter deviation of the tip is similar to that of the stepped shape.
Error analysis
There are two main error sources for the fabrication of electrode: the variation of the initial immersed length, ÁL 0 and the variation of the increase of the contact position, Áh. The position of the electrode tip should be detected before the etching. After the electrode is fully extracted from the electrolyte, the current is applied to the electrode and cathode. Thus, there are no current flows between these two materials. Then, the electrode approaches the electrolyte surface, and the current will flow if the electrode contacts the electrolyte. This is the original position of the electrode. However, there are some error sources for the position detection: the tilt of the electrode, the initial shape of the electrode tips, the vibration of the feed unit, and the trembling of the electrolyte surface. Because the electrode diameter is determined by the etched volume, the error of the etched length, ÁL causes the diameter error, ÁD. For the etched length of 3 mm and diameter of 100 mm, 3 mm error of the etched diameter is produced by 10 mm error of the length and it increases proportionally to the length error. The diameter error increases as the desired length and diameter decreases. The effect of the error of the increase of the contact position, Áh is similar to that of the length error, ÁL. As shown in Fig. 9 , Áh to the linear model is about 20 mm. Thus, the dominant diameter error source will be the variation of the increase of the contact position.
Conclusion
This paper discussed the use of electrochemical etching to fabricate electrodes, which is a key part for micro electrodischarge machining. The electrode shape can be determined by extracting the electrode during the etching. We achieved the relationship between the electrode shape and the shape determination factors, which are the applied current, the immersed length of the electrode, and the etching time. The algorithm to generate the shape determination factors is developed for various electrode shapes. Then, some fundamental experiments are carried out to evaluate some parameters and the cylindrical, stepped, and punch shaped electrodes are fabricated. The maximum fabrication error is 7 mm in diameter and 18 mm in length. Some error sources are also examined. Further work will be required to get a more precise model for the effect of the electrolyte surface, and achieve more precise and stable control of the immersed length to fabricate more slender electrode tips and more general shapes. 
